Abstract. The Yongxing air-sea flux tower (YXASFT), which was specially designed for air-sea boundary layer observations, was constructed on Yongxing Island in the South China Sea (SCS). Surface bulk variable measurements were collected during a 1-year period from 1 February 2016 to 31 January 2017. The sensible heat flux (SHF) and latent heat flux (LHF) were further derived via the Coupled OceanAtmosphere Response Experiment version 3.0 (COARE3.0). This study employed the YXASFT in situ observations to evaluate the Woods Hole Oceanographic Institute (WHOI) Objectively Analyzed Air-Sea Fluxes (OAFlux) reanalysis data products.
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Accurate calculations of air-sea fluxes play a crucial role in driving marine and atmospheric circulation models, understanding atmosphere-ocean interactions, and evaluating and assessing numerical weather forecast models (Sun et al., 2003) . Currently available air-sea flux datasets (including satellite remote sensing inversion data and reanalysis data) are quite uncertain, as they are mainly derived from inaccurate flux modeling algorithms, and uncertainties in the turbulent exchange coefficient were also involved in the fluxes calculations (Zeng et al., 1998; Josey, 2001; Smith et al., 2001) . In turn, these intrinsic uncertainties limit the ability to assess numerical models based on reanalysis flux datasets (Yu et al., 2006) .
The South China Sea (SCS) is mainly controlled by various monsoon systems. It is connected with the western Pacific Ocean and the Indian Ocean through marine and atmospheric processes, and thus, the SCS exhibits potential influences on global climate change as well as regional climate regimes (Wang et al., 2006; Shi et al., 2015) . Air-sea interactions in the SCS induce many marine meteorological hazards and greatly affect the transfer of heat and water vapor in regions throughout south China and Southeast Asia . Acquiring long-term observations of air-sea fluxes in the SCS can therefore help us to better understand the characteristics and evolutionary behavior of air-sea interactions in the SCS, optimize the parameterization schemes in atmospheric models, and improve long-term weather forecasts and extreme hazardous weather alerts.
To achieve the abovementioned scientific goals, a mesoscale observation network in the Xisha sea area in the northern SCS was initiated in 2008 with the primary ambition of researching air-sea interactions. At present, the observation network includes a surface mooring buoy array, a system of shore-based wave-tide gauges, an automatic weather station, a shore-based boundary layer airsea flux tower and a submerged mooring buoy array. A large dataset comprising of in situ observational data was obtained to serve as baseline reference data to quantify the uncertainties within regional model flux products for the SCS.
Many in situ observations and model analysis comparisons have been studied in different oceans around the world, including the Arabian Sea (Weller et al., 1998; Swain et al., 2009) , the tropical Pacific Ocean (Weller and Anderson, 1996; Wang and McPhaden, 2001) , the northeast Atlantic Ocean (Sun et al., 2003; Yu et al., 2004) , the Indian Ocean (Goswami, 2003 ) and the SCS (Zeng et al., 2009; Wang et al., 2013) . Unfortunately, due to limited field observations of flux-related variables, detailed evaluation studies in the SCS are scarce.
In this study, turbulent SHF and LHF variations as well as numerous bulk variables, including the air temperature (T a ), sea surface temperature (T s ), air humidity (Q a ) and wind speed (U ), from the Woods Hole Oceanographic Institution (WHOI) Objectively Analyzed Air-Sea Fluxes (OAFlux) project are compared with the Yongxing air-sea flux tower (YXASFT) measurements in the northern SCS. This investigation spans a full year from 1 February 2016 to 31 January 2017. Seasonal comparisons of the bulk variables and heat fluxes are described in Sect. 3. An overview of the instrumentation on the Yongxing air-sea flux tower in addition to the data and methodology employed in this paper are introduced in Sect. 2. Finally, the summary and conclusions are provided in Sect. 4.
2 Instrumentation, data and methods
The Yongxing air-sea flux tower (YXASFT)
The 20 m tall YXASFT (Fig. 1a) , which was specially designed for the observation of air-sea boundary layer fluxes, is located approximately 100 m off the northeastern coastline of Yongxing Island (16.84 • N, 112.33 • E; Fig. 1d and e). A gradient meteorological system (GMS) and an eddy covariance flux (ECF) system were mounted on the tower (Fig. 1b) . A CR3000 data logger manufactured by Campbell Scientific Company, USA, is used for data sampling, preprocessing, storage and transmission. The real-time observation data from the YXASFT are open for access at the website http://mabl.scsio.ac.cn:8040 (login: CSL-CER and password: ruhuna, last access: 6 November 2018). A data sharing agreement must be signed by the user before being authorized to download the data.
The sensor wiring and data acquisition diagram for the YXASFT is shown in Fig. 2 . The observational variables within the GMS include U , the wind direction (W d ), T a , Q a , the air pressure (P a ), the net radiation (R n ) and T s . Each parameter is sampled once every second, and 1, 10 and 30 min averages are recorded and transmitted to the data center in real-time. The ECF system can collect high-frequency turbulent data with a 10 Hz sampling frequency. Successive 30 min fully corrected fluxes of the momentum (T au ), SHF, LHF and CO 2 (F c ) can be calculated using the online program EasyFlux (Campbell Scientific, Inc.). The sensors in the YXASFT and their respective measurement specifications are listed in Table 1 . All of the sensors (Fig. 1c) have been checked via pre-and post-installment calibrations by the National Center of Ocean Standards and Metrology.
Data
The data employed in this study originate from two sources: the in situ observations obtained by YXASFT and the reanalysis datasets derived from the OAFlux project. Table 2 shows various information, including the variable height, time period, interval and location, regarding the data adopted in this study. u: wind speed along the sonic x axis, v: wind speed along the sonic y axis, w: wind speed along the sonic z axis, t: sonic temperature, ρ v : water vapor density. The height of the bulk fluxes derived via COARE3.0 for both in situ data and OAFlux are considered at 10 m.
In situ data
High-frequency turbulent data (u, v, w, t, ρ v ) were collected by the ECF system installed at a height of 12 m from 1 February 2016 to 29 March 2016. Direct measurements of turbulent data were further used to calculate the fluxes using the eddy covariance (EC) method in a specified time period (30 or 60 min). Meanwhile, direct measurements of turbulent fluxes using the ECF system were used only to verify the applicability of version 3.0 of the Coupled Ocean-Atmosphere Response Experiment (COARE3.0) over the SCS. The selected 30 min averages of the bulk variables (U measured at a height of 10 m and T a , Q a and T s measured at a height of 5 m) used for the bulk flux calculations range from 1 February 2016 to 31 January 2017. Note that T s was measured using an SI-112 infrared radiation thermometer manufactured by Campbell Scientific Company, USA, installed at a height of 5 m, and therefore, we consider T s representative of the sea surface temperature at a depth of 0.05 m. The value of Q a was derived using Eq. (1) as described in COARE3.0 using T a , the relative humidity (R h ) and the air pressure (P a ). Furthermore, this paper also adopts SHF and LHF averages within 30 min intervals derived via COARE3.0 using the input observed bulk variables. The heights of T a and Q a in the OAFlux dataset are both 2 m, while the measurement heights for these two parameters on the YXASFT are both 5 m. Thus, prior to conducting a comparison, we corrected the corresponding heights of the in situ data to correspond to the heights in the OAFlux dataset using COARE3.0. In addition, downward longwave radiation (DLR) data measured using an NR01 net radiometer manufactured by Hukseflux were used in this paper as an indirect variable to infer the cloud cover in the sky. e s = 6.112e 17.502Ta
(1)
Reanalysis data
In this paper, the OAFlux reanalysis data were selected for two reasons. First, a previous study showed that the OAFlux dataset is the most preferable among five different products (i.e., ERA-1, NCEPS, JRA55, TropFlux and OAFlux) with regard to LHF data over the SCS (Wang et al., 2017; Zhang et al., 2018) . Second, OAFlux represents the most recently updated data product (as of July 2017) ploys COARE3.0 to calculate heat fluxes (Yu et al., 2008) . In this study, the daily mean OAFlux datasets include U , Q a , T s , T a , LHF and SHF, and YXASFT observations during the same time period were used for a comparison.
Methods

Bulk algorithm
The bulk algorithm utilized in this study is based on the Monin-Obukhov similarity theory, which is widely considered to be an advanced bulk algorithm (Fairall et al., 1996) . To keep consistent with the bulk method of calculating flux in OAFlux, the COARE3.0 was used to calculate the heat fluxes using the in situ observation bulk parameters in this paper. Compared to COARE2.5, the updated COARE3.0 has some noted improvements as follows. First, the range of wind speed validity is now extended to 0-20 m s −1 after modifying roughness representation. Second, the COARE 3.0 is shown to be accurate within 5 % for wind speeds of 0-10 m s −1 and 10 % for wind speeds between 10 and 20 m s −1 (Fairall et al., 2003) . In this method, the calculation equations for the SHF and LHF can be written as follows:
where ρ a represents the air density, C p represents the latent heat of evaporation, C p represents the constant-pressure specific heat, U represents the sea surface wind speed (measured at a height of 10 m in this study), C e and C h correspond to the turbulence exchange coefficients for the latent heat and sensible heat, respectively, Q s and Q a correspond to the air saturation specific humidity at the sea surface and the air specific humidity near the sea surface, respectively, and T s and T a correspond to the sea surface skin temperature and the air temperature near the sea surface, respectively. In Eqs. (2) and (3), only U , T s , T a and Q a are independent measurement variables, while the remainder of the variables must be calculated based on the four independent variables.
Eddy covariance method
The EC method is one of the most direct ways to measure and calculate turbulent fluxes (Crawford et al., 1993) . The Reynolds decomposition is utilized to break raw data down into their means and deviations. Furthermore, the values of SHF and LHF can be calculated as the covariance between w and scalar values (t, ρ v ) using the following formulas, respectively:
where ρ is the dry air density, C p is the specific heat of dry air at a constant pressure (where 1004.67 Jkg −1 K −1 is used in the calculation) and λ is the latent heat ratio of water vapor evaporation. The overbar represents the Reynolds ensemble average, and the prime symbol denotes the instantaneous deviation from the ensemble average.
Data processing
To match the timescale of the OAFlux daily data, we derived the daily means of the YXASFT-observed bulk variables and heat fluxes by averaging all of the 30 min datasets from each day. In addition, we used bilinearly interpolated OAFlux values (inversely weighted by the distance) from the surrounding four grid points (16.5 • N, 111.5 • E; 16.5 • N, 112.5 • E; 15.5 • N, 112.5 • E; 15.5 • N, 111.5 • E) to represent the corresponding OAFlux value at the YXASFT observation site. The comparison between the YXASFT and OAFlux datasets (described in Sects. 3 and 4) was quantitatively analyzed by using the mean bias (Bias, defined in Eq. 6), root mean square error (RMSE, defined in Eq. 7), coefficient of determination (R 2 ) and linear regressions.
where x and y denote the OAFlux values and YXASFT observations, respectively.
3 Results and discussion
Validation of COARE3.0 using direct ECF measurements
The heat fluxes from both YXASFT and OAFlux used for the comparison herein were derived from COARE3.0. However, the COARE algorithm was originally developed for the Tropical Ocean Global Atmosphere-COARE (TOGA-COARE) experiment in tropical oceans (Fairall et al., 1996) , while the reliability of COARE3.0 was verified by (Brunke et al., 2003) using 12 ship cruises over tropical and mid-latitude oceans (between 5 • S and 60 • N). The adaptability of OAFlux in the SCS must be verified due to its unique geographical location (i.e., it is the largest marginal sea in the northwestern Pacific Ocean) and its monsoon climate system. In this study, the EC fluxes directly measured by the IRGASON ECF system were used to validate the performance of COARE3.0 in the SCS. The EC method is mathematically complex, significant care is required to set up different processing steps for different sites, measurements and study purposes. In this paper, the EC program running on CR3000 was based on the processing steps shown in Fig. 3 . The daily LHF time series in COARE3.0 are basically consistent with those in ECF (Fig. 4a) , with an R 2 value of 0.78 (Fig. 4c) . COARE3.0 underestimates the LHF with a mean bias of 18.55 w m −2 . A larger difference in the LHF measurement occurs when relatively larger LHF values are observed (e.g., 7 and 25 February 2016), which can be readily observed in Fig. 4a . The precipitation on these days is the most likely explanation for the overestimation in the LHF by the ECF system (Mauder et al., 2006; Zhang et al., 2016) . Although the YXASFT possesses a lack of field precipitation observations, we can speculate that precipitation may have occurred on 7 February 2016 based on a 1.8 • C drop in the air temperature and an increase of 13 % in the relative humidity within the daily mean. In addition, we spot similar trends on 25 February 2016. In contrast, the SHF data pair is far from agreement, with an R 2 value of 0.03 (Fig. 4d) . The large variation in the SHF observed using the ECF is not detected within the COARE3.0-derived time series (Fig. 4b) . Direct heat flux measurements with a 60 day interval obtained using the ECF system show that SHF (with a mean of 23.5 w m −2 ) is significantly smaller than LHF (with a mean of 93.3 w m −2 ). A small SHF magnitude may amplify variations in the time series and reduce the R 2 values in scatter plots under the same deviation values. In this comparison, we were more concerned about the magnitude of correlation in the LHF data. Thus, COARE3.0 was considered to be receptive and was used as an appropriate bulk flux algorithm over the SCS. 
Evaluation of the OAFlux datasets
OAFlux is a flux product based on a composite algorithm that improves the calculation accuracies of flux-related variables by using a weighting method for target analysis. However, this method could lead to a timescale mismatch if the data variables have different data sources (Fairall et al., 2010) . It is therefore necessary to evaluate the OAFlux dataset to assess its applicability in the SCS before further application.
Time series of the YXASFT observations and OAFlux reanalysis data
Time series of the bulk variables and heat fluxes are given in Figs. 5 and 6, respectively. As shown in Fig. 6 , there is an obvious overestimation in both SHF and LHF in OAFlux compared with the YXASFT observations, and this overestimation demonstrates an evident seasonal variation. The time series of LHF from the YXASFT observations and OAFlux data show essentially consistent variation trends and agree with one another better during the spring (February to March) and winter (December to January) than during the summer and autumn (April to November) (Fig. 6b) . The SHF variation trend appears to be opposite to that of LHF, since the deviations during the winter and spring are clearly larger than those during the summer and autumn (Fig. 6a) . For the bulk variables in Fig. 5 , the OAFlux data maintained a higher consistency with the YXASFT observations with regard to the overall variation trend. Furthermore, U and Q a seemed to match better during the winter and spring periods, while an overestimation (underestimation) in U (Q a ) is more evident during the summer and autumn periods ( Fig. 5a and b). Some abrupt drops (i.e., variations of 3 to 5 days) in the YXASFT T s observations were obviously not captured by OAFlux (Fig. 5d ). In the next section, we divide the annual study period into three periods, namely, spring (1 February 2016-31 March 2016), summer-autumn (1 April 2016-31 November 2016) and winter (1 December 2016-31 January 2017), to conduct a detailed comparison of their seasonal variations.
Comparison of the bulk variables
The heat fluxes from both OAFlux and YXASFT were derived using COARE3.0. Thus, we can further analyze the origin of the seasonal deviations in the heat fluxes by conducting seasonal comparisons of the bulk variables. The scatter plots of U , Q a , T s and T a constructed using the YXASFT and OAFlux data for the three separate periods are shown in Fig. 7 , and a quantitative statistical summary for each variable is listed in Table 3 . U . The spring, summer-autumn, and winter periods on Yongxing Island represent the monsoon transition, southwest monsoon and northeast monsoon periods, respectively. Previous studies indicated that the northeast monsoon in the northern SCS is much stronger than the southwest monsoon (Yan et al., 2005) . In this study, the observed mean wind speeds during the three periods were 6.40, 4.97 and 9.40 m s −1 , respectively. It can be seen from Fig. 7 (first row) that the R 2 values of U between the OAFlux and YX-ASFT data during the three periods are 0.90, 0.79 and 0.92, respectively. OAFlux overestimates the values of U in the spring, summer-autumn, and winter periods with mean biases of 0.96 (15 % of the YXASFT-observed mean value), 1.19 (24 %) and 0.67 m s −1 (7 %), respectively. Q a . The southwest monsoon is often accompanied by a high amount of water vapor and cloudy skies (Chen et al., 2012) . Therefore, the Q a value during the summer-autumn period was the highest throughout the year, with an observed mean of 21.08 g kg −1 . The R 2 values of Q a between the OAFlux and YXASFT data during the three periods are 0.81, 0.68 and 0.80, respectively (Fig. 7, second row) . In contrast to U , OAFlux exhibits an overall underestimation of Q a in the spring, summer-autumn, and winter periods with dry biases of 0.33 (2 %), 0.75 (4 %) and 0.11 g kg −1 (1 %), respectively.
T a . The OAFlux T a values are highly consistent with the YXASFT observations, with R 2 values of 0.92, 0.84 and 0.89 in the spring, summer-autumn, and winter periods, respectively (Fig. 7, fourth row) . As shown in Fig. 5c , both the seasonal trends and day-to-day variations are effectively captured in the OAFlux data. The OAFlux reanalyzed T a data have a warmer bias of 0.52 • C (2 %) in the spring and colder biases of 0.10 (0.3 %) and 0.57 • C (2 %) in the summerautumn and winter periods, respectively. Consequently, the OAFlux-estimated T a can be considered as the most reliable variable in this study.
T s . The OAFlux-estimated T s only captures the seasonal trend, and the estimates exclude some special synoptic signals, such as abrupt drops during cold air temperatures and typhoons or gradual temperature increases induced by the passage of a warm eddy. The R 2 values of T s between the OAFlux and YXASFT data are relatively small when compared with those of U , Q a and T a , suggesting that the reliability of the OAFlux-analyzed T s is generally low. In contrast to U and Q a , the OAFlux T s performance was better in the summer-autumn period (R 2 = 0.70) than in the spring (R 2 = 0.47) and winter (R 2 = 0.54) periods, as shown in Fig. 7 (third row) .
In summary, the seasonal performances of the OAFluxestimated U and Q a seem to be highly correlated with the monsoon system in the SCS. This manifests as a better performance of the OAFlux-estimated U (Q a ) during the spring and winter periods, characterized by a stronger (drier) northeast monsoon than during the summer-autumn period, characterized by a relatively weaker (wetter) southwest monsoon. The significant difference between the T s estimates may stem largely from the fact that the OAFlux T s estimates are retrieved using a advanced very-high-resolution radiometer (AVHRR), which is easily affected by the presence of clouds. Therefore, the available OAFlux T s estimates were dramatically reduced during the abovementioned special synoptic processes. With the onset of the southwest monsoon, the average total cloud cover, low cloud cover and precipitation all increase throughout the SCS (Yan et al., 2003) , and the T s retrieved via the AVHRR should correspondingly exhibit a lower quality. However, this trend is not observed in the result of this paper. We further utilized in situ observations of the DLR to infer the sky cloud cover. There is an evidently greater fluctuation in the DLR during the winter and spring periods than in the summer-autumn period, indicating that the winter and spring seasons possess greater probabilities of cloudy days (Fig. 8) . This interesting phenomenon may be caused by the fact that the intensity of the summer monsoon in 2016 was weaker than those in preceding years; this hypothesis will be further explored hereafter.
Comparison of heat fluxes
The scatter plots of the LHF and SHF estimates obtained from the YXASFT and from OAFlux during the three periods are shown in Fig. 9 , and a quantitative statistical summary of each variable is also listed in Table 3 . Note that an upward (downward) heat flux is positive (negative) in this paper, and a positive (negative) value represents the loss (gain) of ocean heat to (from) the atmosphere. www.atmos-meas-tech.net/11/6091/2018/ (Fig. 9, first row) . This is also consistent with the R 2 values for U and Q a , which are the two key input factors in the LHF calculations. SHF. Large SHF variations during the spring and winter are not evident in the YXASFT-derived SHF time series (Fig. 5e) . Compared to LHF, the OAFlux-estimated SHF has the smallest R 2 values for all three individual periods, as shown in Table 3 for the spring (0.01), summer-autumn (0.31) and winter (0.14). In comparison, the OAFlux-estimated SHF is more reliable during the summerautumn, with a mean bias of 1.07 w m −2 than in the spring (16.83 w m −2 ), or winter (23.56 w m −2 ).
Overall, we can infer that the OAFlux-estimated LHF product is more reliable during the spring and winter periods than during the summer-autumn period, which is consistent with the key input variables U and Q a , and that the product is further affected by the monsoon system in the SCS.
Meanwhile, the SHF estimates exhibit opposite characteristics relative to those of LHF, as the OAFlux SHF product is more credible during the summer-autumn than during the spring and winter periods, which is consistent with the seasonal OAFlux T s performance and is highly correlated with the cloud cover.
Possible effects of bulk variables on the biases in the SHF and LHF
The values of SHF and LHF were calculated using Eqs. (2) and (3). Thus, possible biases in the LHF and SHF results are mainly associated with the input bulk variables and the parameterization of the turbulent exchange coefficients in the equations. In this paper, the parameterization scheme is not discussed due to limited space. The relationships among the OAFlux LHF bias with U , Q a and T s were studied extensively by a previous study through years of moored buoy data, automatic weather station (AWS) data and cruise data over different regions in the SCS; it was found that the biases in Q a dominated the LHF biases, followed by the biases in U (Wang et al., 2017) . To determine whether similar conclusions exist in this study and to quantify the relationships among the heat flux biases and the bulk variable biases, we constructed scatter plots of the biases in LHF (Fig. 10) and SHF ( Fig. 11 ) against the biases in U , Q a , T s and T a . All of the biased data were normalized first to understand their relative importance. LHF. The biases in Q a are the most dominant factor in determining the biases in LHF during the spring, with relatively high R 2 values of 0.38 compared with the other biased bulk variables (Fig. 10, first column) . Both of the Q a and U biases are responsible for controlling the biases in LHF during the summer-autumn period with R 2 values of 0.36 and 0.32, respectively (Fig. 10, second column) . Both of the Q a and T a biases are the dominant factors in determining the bias in LHF during the winter period, with R 2 values of 0.43 and 0.16, respectively (Fig. 9, third column) . The biases in T s are negligible control factors on the biases in LHF since their R 2 values are all relatively small during the three periods compared with those of Q a (Fig. 9, third and fourth rows) . In general, the result revealed that the Q a is the most dominant factor controlling the biases in LHF throughout the year, which is similar to those reported in previous studies (Wang et al., 2013 (Wang et al., , 2017 . Additionally, these dominant factors that cause the seasonal biases in LHF are new findings in this article.
SHF. During the observational period, the biases in T s were the key factor dominating the biases in SHF. The effects of T s biases on the biased SHF during the spring (R 2 = 0.79) and winter (R 2 = 0.72) periods were much larger than that during the summer-autumn period (R 2 = 0.38), which is also consistent with the fact that OAFlux estimates T s better in the summer-autumn than in the spring and winter (Fig. 7,  third row) . From Eq. (2), SHF is largely determined by T s -T a , as shown in Fig. 6 . OAFlux is unable (able) to capture the variations in T s (T a ) during the spring and winter, thereby causing large fluctuations in T s -T a and further leading to large variabilities in the OAFlux SHF time series.
Summary and conclusions
Successive air-sea heat flux-related observational data were acquired over the course of a year (1 February 2016 -31 Jan-uary 2017 at the YXASFT on Yongxing Island. In this paper, we first used direct heat flux measurements from a highfrequency (10 Hz) ECF system to validate the reliability of the COARE3.0 bulk algorithm in the SCS. Then, seasonal comparisons were conducted for the daily mean surface bulk variables and heat fluxes between the WHOI OAFlux products and YXASFT observations. Finally, the effects of biased bulk variables on the biases in the heat fluxes were presented to determine the possible sources of the biases in LHF and SHF. The conclusions are summarized as follows.
The magnitude of the mean of the directly measured SHF is small compared with that of LHF and can even be ignored in air-sea heat flux interactions during the ECF measurement period. Therefore, we were more concerned with the LHF estimation differences between COARE3.0 and the ECF system in this validation. The daily mean LHF from COARE3.0 was basically consistent with the ECF measurements with a high R 2 and an acceptable bias. Furthermore, if possible precipitation periods were excluded, the consistency between the COARE3.0 and ECF LHF data were better. Thus, the COARE3.0 bulk algorithm was considered to be reliable in this study.
Comparisons of the bulk variables revealed that the reliabilities of the OAFlux datasets diminished in the order of T a , U , Q a and T s based on a combination of R 2 values and biases. The performances of the OAFlux-estimated U and Q a seem to be highly correlated with the monsoon system in the SCS; OAFlux provides a better estimation of U (Q a ) in the spring and winter, characterized by a stronger (drier) northeast monsoon than in the summer-autumn characterized by a relatively weaker (wetter) southwest monsoon. Similar to a previous study, this study also indicated that T s is the least reliable OAFlux product (Sun et al., 2003 ). The T s signals during special synoptic process were poorly captured by OAFlux due to the presence of clouds, which affect the recorded AVHRR data. The performance of the OAFluxestimated T s is better during the summer-autumn than in the winter or spring due to a reduced cloud cover during the summer monsoon period, which could be attributable to the fact that the summer monsoon in 2016 was weaker than those in preceding years. With respect to a comparison of the heat fluxes, OAFlux considerably overestimates LHF with ocean heat loss biases of 50.95 w m −2 (70 %) in the spring, 42.43 w m −2 (76 %) in the summer-autumn and 63.29 w m −2 (74 %) in the winter. Consistent with the key input variables U and Q a , the OAFlux LHF performance is better during the spring and winter than in the summer-autumn, which is further associated with the monsoon climate in the SCS. The seasonal SHF reliability is coincident with that of T s , as the least reliable T s estimates lead to the most unreliable SHF estimates, with enormous overestimations throughout the year. An analysis of the possible sources of biases in the heat fluxes show that biases in Q a are the most dominant factor in determining the biases in LHF during the spring and winter. Meanwhile, both of the biases in Q a and U are responsible for controlling the biases in LHF during the summer-autumn period. Biases in T s are responsible for controlling the biases in SHF, and the effects of biases in T s on the biases in SHF during the spring and winter are much greater than that in the summer-autumn period.
In summary, both T s and SHF in OAFlux should be utilized with considerable caution in further research. Additionally, U , Q a and LHF should be used with proper consideration due to their seasonal reliability variations. Researchers should feel more at ease using these data during the northeast monsoon than in the southwest monsoon. The performance of the OAFlux-estimated T a seems to change little with the seasons and is highly consistent with the YXASFT observations throughout the year. Improving the observation capability of the AVHRR sensor under cloudy conditions is necessary for improving the accuracy of T s estimates and the reliability of calculating SHF. Larger quantities of in situ bulk variable observations and direct turbulent heat flux measurements as well as improvements in the parameterization of variables in different regions of the SCS are also essential for improving the reliability of OAFlux datasets in the SCS.
Data availability. According to the project management requirements, the in situ data observed from YXASFT were not publicly accessible. Any interested readers can access these data by email to the first author or the correspondence author, and we will send the data file to you directly by email.
Supplement. The supplement related to this article is available online at: https://doi.org/10.5194/amt-11-6091-2018-supplement.
Author contributions. FZ designed the experiments and RS, JC and YH carried them out. FZ and RZ wrote the Matlab program and performed the data processing and analysis. QX and DW assisted with useful discussions and data collection. FZ and QX prepared the manuscript with contributions from all co-authors.
Competing interests. The authors declare that they have no conflict of interest. Fenghua Zhou (zhoufh@scsio.ac.cn). The authors would like to express their gratitude for the reanalysis data products comprising global ocean heat flux and evaporation data provided by the WHOI OAFlux project (http://oaflux.whoi.edu, last access: 6 November 2018) funded by the NOAA Climate Observations and Monitoring (COM) program. The source code for the COARE 3.0 algorithm is freely available at http://coaps.fsu.edu/COARE/flux_algor/ (last access: 6 November 2018). The first author would like to thank the engineers from Campbell Scientific Company, USA, for their help with the observation system integration and data acquisition on the YXASFT. Finally, the authors thank the anonymous reviewers for their valuable comments and suggestions that improved the quality of this paper.
Edited by: Marcos Portabella Reviewed by: two anonymous referees
